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Abstract 
UHF method to detect partial discharge phenomenon has been proven to be an effective way. Many types of UHF antennas have 
been developed in order to achieve a better sensitivity and accuracy in certain bandwidth (300 MHz – 3.0 GHz) for detecting the 
ultra-high frequencies generated by partial discharge. Bowtie antenna is one type of broadband antenna proven to be sensitive, 
accurate and easily designed and fabricated. This paper focused on the bowtie antenna characteristics both the measurement 
using vector network analyzer and simulation. The finite-difference time-domain (FDTD) technique is applied to model and 
confirm the antenna under observation in this research and later on modify to enhance the better performance. Simulation has 
proven, antenna achieves the optimum angle at flare angle of 60° as per simulation within the frequency range over 913 MHz – 
3.0 GHz as per measurement. The simulation results are used to construct the new modified antenna which showed the better 
sensitivity in the frequency bandwidth of partial discharge. The Gigahertz transverse electromagnetic (GTEM) like environment 
also used to simulated the sensitivity of antenna as compared to the calibration value approximately 11.0 mm. 
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1. Introduction  
The insulation system of high voltage equipments plays an important role in the power system operation. 
Assessments and diagnosis of the insulation condition of equipments become primary requirement in simple, reliable 
and economic way. Ultra high frequency (UHF) method is known widely and regarded as effective and powerful 
tool to assess and diagnose the existence of partial discharge (PD) activities. UHF method has good sensitivity in 
certain bandwidth; however the noise issues may appear in particular condition.  
In this paper, the research is focused on bowtie antenna, which is categorized into broadband antenna. It possesses 
advantages such as simple design and fabrication, low cost, conformability, and high radiation efficiency. 
Traditionally, this type of antenna exhibit wide band operational bandwidth that is able to accommodate the 
specified operational bandwidth, or may be scaled accordingly for required operational [1]-[3]. 
The characteristics of scattering parameter or known as S11 parameter, reflection coefficient (Г), return loss (RL), 
VSWR (voltage standing wave ratio) and the impedance were measured using network analyzer. The bandwidth is 
defined as range of frequency band with RL below -3 dB. Later on the model is reconstructed using FDTD method 
analysis to match with the measurement of the actual one. Correction is made to confirm the simulation 
characteristics to the measurement. The simulation of antenna reconstruction occupies a volume approximately 400 
cm3 and shows a gain of -15.79 dB meanwhile the actual measurement of network analyzer shows a gain of -20.64 
dB. However, the gain characteristic over the frequency span shows a good agreement. 
This work is organized as follows: section 2 presents the antenna geometry which drawn from the reference 
bowtie antenna with flare angle of 60°, section 3 describes the modeling and confirmation which simulation result is 
compared to the actual measurement following the correction factor to match the characteristics. Section 4 shows 
influence parameters in the design and, the last; section 5 shows antenna enhancement and GTEM sensitivity 
simulation follow with the conclusion. 
2. Antenna geometry 
PD phenomenon is naturally a random and plural electrical impulse waves which generates vary of frequencies, 
from the ultra-sonic frequency range 20 kHz – 1.0 MHz; up to electromagnetic wave (EMW) range from 300 MHz – 
3.0 GHz. Detecting PD using UHF method require antenna in the bandwidth of EMW in broadband category. 
In this paper, a basic type of bowtie antenna was taken as a reference model as shown in Fig. 1(a). Comparison 
has been carried out among three types of antennas (Fig. 1) which were proven success in PD detection: bowtie, fish 
type and spiral antenna prior determining bowtie antenna as a subject of this work. From the vector network analyzer 
(VNA) measurement of RL and VSWR of these antennas, bowtie antenna is considered to meet the frequency 
requirement calculated due to the 66 kV GIS model geometry [4]. 
Fig. 1. (a) bowtie antenna; (b) fish type antenna; (c) spiral antenna 
The antenna is fabricated on a substrate with a dielectric which is considered as of air in the simulation space, but 
later on is corrected to match to the measurement in order to simplify the model. The dielectric of the substrate will 
be off the concern further, nevertheless the dielectric properties decrease the impedance and bore-sight gain over the 
operating band [8]. The initial parameters of simulation space material (AIR) are: permittivity εr = 1.00059, 
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permeability μr = 1.0, conductivity σ = 8×10-15 S/m; for the material of antenna (copper): εr = 1.0, μr = 0.999994, σ 
= 5.96×107 S/m, σ-1 = 1.68×10-8 Ω/m 
The antenna model is shown in Fig. 2(a). The gap distance is 2 mm, neck 0 mm with flare angle 60° and wing 
radius of 36 mm. Total of each side area is 1357.168 mm2 which is assigned to copper material. The antenna model 
is constructed with thickness of 0.03 mm, despite the actual thickness of antenna was not measured, and possibly 
thicker. 
The antenna is meshed in the tetrahedral shape to form the volume mesh. The volume mesh size ranges from 
3.97e-07 – 3.39e-4 with total accumulated 99608 numbers of elements. 
3. FDTD Modeling and confirmation 
The base of FDTD method was introduced by Yee and derived from the Maxwell’s equations [5]. This method 
has proven to be accurate means in computing electromagnetic scattering complex objects [6]. In the space analysis 
of FDTD, wide range of frequencies is performed in the simultaneous simulation applying the appropriate excitation.  
Fig. 2. (a) Bowtie antenna: flare angle 60° antenna model in mesh; (b) Bowtie antenna model in FDTD analysis space;  
(c) Standard calibration accessories 
3.1. Antenna model 
The bowtie antenna was modeled associated to the free space of air in FDTD environment by applying the 
analysis space within a Berenger’s perfectly matched layer (PML) [7]. A 6-sides PML with order of 2 and reflection 
absorption of -140 dB is applied for the effectiveness of absorbing boundary condition within. The antenna model is 
inserted as a three-dimensional (3-D) object and the boundary condition of the antenna is set as a two-dimensional 
(2-D) perfect electric conductor (PEC). In this case, the thickness of antenna will be out of consideration since the 
interest frequency is associated to high frequency.  
The antenna model is created under 0.03 resolutions at direction of dx, dy and dz within the simulation space of 
100 x 100 x 400 cells in mesh size of 0.1. 
The feed of the bowtie antenna was attached by a separate plane 2-D transmission line simulation connecting 
both sides of the bowtie conducting areas to the center point of a gap, which is utilized as the excitation. In the 
simulation, a Gaussian pulse with the frequency of 300 MHz – 3.8 GHz is applied as a line excitation source in 
direction of x. The frequency range is kept same in the range of network analyzer frequency span to ease the 
comparison. 
3.2. Confirmation of measurement result 
The characteristics of bowtie antenna: reflection coefficient, return loss, input impedance and gain measurements 
were obtain using an ADVANTEST R3765CG network analyzer with the frequency span from 300 MHz – 3.8 GHz. 
The match open-short-load of 50 Ohm calibration procedures were conducted under the balanced transmission 
line calibration kits along with the network analyzer as shown in Fig. 2(c).  
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Fig. 3 shows the simulation result, of which the dielectric medium has been corrected to εr = 1.50058 from the 
initial value. This value is the average value between the air and the substrate dielectric. 
Fig. 3(a) shows the return loss. The red and blue dashed lines respectively the measurement data from the 
network analyzer and simulation result. It is confirmed that, the RL both the measurement and the simulation result 
shows a good agreement. The red line shows measurement result which the maximum RL of -20.64 dB at 1.1 GHz, 
meanwhile the simulation result -15.79 dB at 1.08 GHz. The average, minimum and maximum percentage errors 
respectively are calculated with reference to the measurement results in 29%, 3% and 55%. The different level of the 
RL may be due to the mesh size in simulation, imperfect shape and surface of actual antenna and the connection 
between the antenna and the connector to the network analyzer or other physicals matters. 
Fig. 3. S11 parameter from measurement and simulation result: (a) Return Loss, (b) VSWR; (c) Input impedance – real part 
Fig. 3(b) shows the VSWR. The red line represents measurement from VNA while the blue dashed line the 
simulation result which both of them has good agreement in the frequency bandwidth of 930 MHz – 1.3 GHz.  
Fig. 3(c) shows the input impedance of real part of antenna, the difference response may be due to the 
measurement result is included the complete antenna with coaxial balun connector, but the simulation only for the 
antenna. 
The frequency bandwidth is associated with the Г value not greater than of 0.5 or -3 dB for RL to define one 
antenna to perform as a good antenna, bowtie antenna in this research has bandwidth of 965 MHz – 1.26 GHz for 
the actual one and 931 MHz – 1.27 GHz for the simulation result. However, in practice, amplifying might be applied 
to increase the bandwidth and sensitivity of antenna. 
4. Antenna enhancement 
4.1. Design parameter 
The antenna enhancement is designed to result in the better performance. There are 5 parameters mainly 
considered in this work: effective area of current distribution, flare angle, wings radius, gap distance, and thickness 
of antenna. Surely there are other aspects shall be put into i.e.: material of antenna, substrate dielectric; but for this 
research, the purpose is to simplify the design parameters using the same material as the basic model to meet the 
better geometry. 
4.1.1. Current distribution 
The current density distribution in the antenna area tends to get denser near the center for the incident wave 
polarized along the axis of the antenna and denser at the edges with the perpendicular to axis polarization [8]. The 
effectiveness of conducting area of the antenna can be reduced due to the behavior of the current density based on 
the simulation result as shown in figure below. The maximum current density reaches ± 6.2 A/m2 (Fig. 4a) with 
maximum magnetic field ± 1.58 A/m (Fig. 4b). The middle region of antenna would be less effective for electron 
movement due to this behavior and the effective travel path of electron occupied the side area along the antenna. 
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Fig. 4. (a) Current density distribution and (b) magnetic field distribution. 
4.1.2. Flare angle 
The geometry shape of the antenna is modified to enlarge the antenna area with the flare angle of 40°, 90° and 
120° as shown in Fig. 5. The radius of antenna area is remaining same at 36 mm. The antenna was treated as a 
surface boundary. 
 
Fig. 5. Bowtie antenna model with different flare angle (a) 40°; (b) 90°; (c) 120°. 
Fig. 6 shows the RL and VSWR simulation of flare angle variables. The simulation result shows the larger the 
flare angle, the wider the bandwidth vise versa to the RL level. The maximum RL level is achieved at -15.88 dB in 
the frequency bandwidth 969 MHz – 1.25 GHz for flare angle of 40°. However, there is slightly difference in RL 
level between 40° and 60° for the resonant frequency; the 40° is slightly lower but for the overall level, the 60° is 
the lowest. Hence the 60° is considered as the optimum flare angle. 
Fig. 6. Different flare angle characteristics: (a) return loss; and (b) VSWR 
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4.1.3. Wings radius 
The wing radius affects the resonant frequency and the RL level. Different wing radiuses were simulated with the 
antenna flare angle of 60°. The antenna is treated as a surface boundary. The greater the wings radius result in the 
lower the resonant frequency, the highest resonant frequency reached at approximately 3.0 GHz for radius 12 mm 
and the lowest at 570 MHz for 48 mm. At the greater radius, the Г and the RL reach the maximum. The antenna 
bandwidth increases as the increments of wing radius as the level lower in Fig. 7(a). 
Fig. 7. Return Loss Characteristic: (a) different wing radius; (b) different gap distance; (c) different thickness 
4.1.4. Gap distance 
The gap distance shows the similar behavior as the wings radius. Different gap distances were simulate with the 
antenna radius of 24 mm. The antenna is treated as a surface boundary. At 2 mm gap distance the resonant 
frequency point tends to be higher (1.596 GHz) than larger gap distance (1.159 GHz for 15 mm). The level of RL 
and Г response increase with the gap distance, at 15 mm, 10 mm, 5 mm and 2 mm the level of RL respectively reach 
-16.86 dB, -14.25 dB, -14.22 and -14.02 dB, slightly level changes for gap distances below 10 mm as shown in Fig. 
7(b). 
4.1.5. Thickness 
The thickness of antenna does not significantly affect the performance due to the skin effect at higher frequency. 
The thicker the surface of antenna the better the response is achieved. For the frequency 300 MHz – 3.0 GHz, the 
skin depth is between 3.81-1.21 μm. The different thicknesses were simulated with antenna radius and flare angle of 
36 mm and 60°. Due to the limitation of calculation memory, the most thickness can be simulated is 0.1 mm which 
result the level of RL at -6.91 dB. Antenna thickness between 0.3 mm up to 1.2 mm show only slightly different in 
RL levels however may significant to 0.1 mm as shown in Fig. 7(c).  
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5. Enhanced antenna and GTEM Simulation 
5.1. Enhanced antenna 
Considering the design parameters in subsection, the following geometry of antenna is proposed (Fig. 8): 
 
x Wings radius  =  36.0 mm 
x Gap distance  =  2.0  mm 
x Flare angle  =  60° 
x Substrate dielectric  =  4.0  
x Radius of hole               =  10.0  mm 
x Inner radius                   =             33.0  mm 
x Outer radius               = 36.0 mm 
x Radius offset distance  =   2.5  mm 
 
The proposed model simulation shows improvement in both level and resonant frequency point. RL level 
increased from -16.62 dB (initial model) to -17.99 dB (proposed model) with the resonant point shift from 1.10 GHz 
to 1.22 GHz as shown in Fig. 9. 
Fig. 8. (a) Proposed enhanced antenna model; (b) antenna fabrication 
The measurement result for the proposed antenna model also show good improvement as shown in Fig. 9(b). The 
blue dashed line which represents the proposed antenna has the RL increased nearly -20 dB. The RL of this antenna 
has two resonant points due to the defect in the middle of antenna area. Since the concern is only up to 3.0 GHz, 
frequency higher than this will not be considered further. 
 
Fig. 9. Return loss comparison: (a) simulation results; (b) measurement results. 
5.2. GTEM Simulation 
GTEM condition which is referred to standard, uniform EM field [10] is also simulated using the FDTD method 
to simulate the antenna sensitivity. There are six directions of the three axial of incident plain wave applied to both 
original antenna and enhanced antenna models. A Gaussian pulse with frequency of 0.0 up to 3.8 GHz is performed 
and the electric field of 1 V/m with both parallel and perpendicular from to the axis of antenna. The output potential 
was simulated between the sides of antenna. The maximum sensitivity was obtained at the direct incident plane 
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wave towards the antenna (with respect the normal of antenna) with the parallel polarization to the axis of the 
antenna at YZ plane 90° as in Fig. 10(b). 
Fig. 10(a) shows the sensitivity comparison for GTEM simulation between original and enhanced model for 
incident wave direction of YZ 180°. The highest sensitivity simulation in the frequency frame from 0.0 up to 2.0 
GHZ are 13.1 mm and 16.1 mm for the original and enhanced model respectively with the average of 11.39 mm and 
11.25 mm. For the full frequency frame up to 3.0 GHz, the highest sensitivity for enhanced antenna reaches 16.5 
mm at 2.14 GHz; meanwhile the original reaches 13.55 mm at 2.23 GHz. The enhanced model has the better 
sensitivity between 1.27 – 2.49 GHz. 
 
Fig. 10. GTEM simulation: (a) original model; (b) enhanced model; (c) original and enhanced model 
6. Conclusion 
This work has succeeded to confirm and enhance the bowtie antenna for the PD UHF bandwidth using FDTD 
method. Simulations have been done to confirm a basic model and emphasize the design parameters. Simulation 
result shows the enhanced antenna performs better with the RL -17.99 dB at 1.22 GHz; meanwhile the measurement 
using VNA confirmed a nearly -20 dB improvement for the enhanced antenna. The GTEM simulation also shows 
the highest sensitivity of 16.5 mm. The current density pattern analysis might be considered to determine the 
optimum geometry of bowtie antenna to improve the receiving performance. 
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